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[57] ABSTRACT

The present invention includes a bore mapping system
that includes one or more high resolution ultrasonic
mapping transducers that are used to measure the diam-
eter of a bore. The travel time for a normally incident
pulse to reach the bore surface and return for each
transducer is used with a reference reflection time mea-
sured in a calibration bore to determine the measured
diameter from a mechanically measured reference di-
ameter using a known velocity of the ultrasonic pulse in
an immersion fluid. The diameter measured by each of
the transducers is averaged to obtain an average mea-
sured diameter which is produced for plural axial rotor
positions. The present invention also includes a surface
time measurement system that uses at least one ranging
transducer measuring the ranging time required for a
ranging beam to reach and return from the bore surface.
The measured ranging time 1s used with a calibrated
ranging time obtained in the calibration bore to modify
a calibrated inspection beam surface time for an inspec-
tion transducer to obtain a current inspection beam
surface time. The ranging time can also be used to ob-
tain a correction time curve that provides correction .
time for the inspection beam surface time versus cir-
cumferential bore position. The calibrated inspection
beam surface time or the correction time curve, are used
to correct positions of flaws in the rotor material.

8 Claims, 6 Drawing Sheets

74

28

76

72



4,991,427

Shéet 1of 6

~ Feb. 12, 1991

U.S. Patent

H31NdNOD

8¢

NILSAS
NOILISINDJV
v.iva
 DINOSYHLIN

o¢

'OT 4

14

H3AI303Y |
43S N

A

0]



U.S. Patent Feb. 12, 1991 Sheet 2 of 6 4,991,427

40

2

SET AXIAL POSITION (APOS)
TO Al

44

DONE?
APOS>AZ

YES
=

NO

_ 48
SPIRAL MOVE TO APOS AND ClI
50
MOVE CIRCUMFERENTIALLY TO €2
52

RECORD TIMES TI1,7T2,T3,T4
FROM 4 TRANSDUCERS ?

FI1G. 3A.



U.S. Patent Feb. 12, 1991 Sheet 3 of 6 4,991,427

@_

CALCULATE 4 DIAMETERS 56
DI,D2,D3,D4
D, = DCAL+(T'-TC|TWW
GET FINAL DIAMETER D FROM 58
AVERAGE '
D: DI +DZ+DS+D4 |
4 '
CALCULATE TRUE AXIAL 60

POSITION,
~ Z = APOS+AQFF

STORE (D.Z) PAIR |/ °¢
APOS = APOS+AINC |/~ ©4

B

FIG. 3B.



U.S. Patent Feb. 12, 1991 Sheet 4 of 6 4,991,427

78

80

- 76

70

72

FIG. 4.



U.S. Patent ~ Feb. 12, 1991 Sheet 5 of 6 4,991,427

START Y B¢ 84

SET CIRCUMFERENTIAL

POSITION (CPOS) TO
0.

B6 88

DONE 7
CPOS > 360°

SO

RECORD T, 92

' CALCULATE CURRENT
INSPECTION SURFACE T, .

T|n =Tlc + (Trn - T,.c]/cos q 0
STORE CPOS AND Tll'n |
- 96

n = n + |

CPOS = CPOS + CINC

' 98
MOVE CIRCUMFERENTIALLY
TO CPOS

FIG. 9.



U.S. Patent Feb. 12, 1991 Sheet 6 of 6 4,991,427

FIG. /.



4,991,427

1

BORE MAPPING AND SURFACE TIME
MEASUREMENT SYSTEM

CROSS REFERENCE TO RELATED
APPLICATIONS

The application 1s a division of Ser. No. 06/878,649,
filed June 26, 1986, now U.S. Pat. No. 4,964,295,

This application is related to concurrently filed U.S.
applications assigned to Westinghouse and entitied
BORESONIC INSPECTION SYSTEM by the inven-
tors of the invention described herein and having Ser.
No. 117,918 and entitled ULTRASONIC SIGNAL
PROCESSING SYSTEM INCLUDING A FLAW
GATE by the mnventors of the invention described

herein and having Ser. No. 878,817. The above-men-

tioned applications are incorporated by reference
herein.

BACKGROUND OF THE INVENTION

The present invention is directed to a bore mapping
and surface time measurement system for a bore hole in
a material such as metal and, more particularly, the
present invention is directed to a bore mapping system
which maps the diameter of a power generating plant
turbine rotor bore and measures the time required for an
ultrasonic wave to reach the bore surface for later use to
correct the transit time of an angled beam refracted by
the bore surface to create a shear mode interrogation
beam during a shear mode ultrasonic bore inspection.

Power generating station turbines and generator ro-
tors have variable diameter boreholes extending along
their central axis over part of all of their lengths. Be-

cause the rotors experience the highest stress within

approximately the first four inches in rotor radius, the
detection of major near bore flaws and the monitoring

of flaw location as well as size determinations are of.

critical importance in determining rotor life expec-
tancy. As a result, at the end of the manufacturing pro-
cess and during periodic routine rotor maintenance, the
bores are inspected for flaws and occasionally rema-

chined over all or part of their surface to remove the

flaws. To accurately perform the inspection, the precise
geometry in the bore of a particular rotor must be deter-
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mined. Prior to a rotor inspection, the inside diameter of 45

the bore, as a function of axial position along the bore,

needs to be determined to allow inspection transducers

to be properly calibrated and manipulated during the

Inspection.

One method of obtaining bore diameter information
is to manually insert a mechanical measurement device
into the bore and record the diameter at discrete loca-
tions along the length of the bore. One such mechanical
measurement device is called a “Star Gauge”. The
“Star Gauge” measures diameter by mechanically posi-
tioning arms inside the bore. The mechanical system
suffers from drawbacks related to limited axial resolu-
tion and inevitable human error associated with gauge
positioning. In addition, such mechanical measuring
devices are difficult to align on bore slopes and tapers.

The ultrasonic inspection of the rotor bore involves
transporting an ultrasonic transducer through the bore
and consists of a combination of circumferential rota-
tion and axial displacement allowing the ultrasonic
beam to pass through all of the maternal of interest. In an
immersion type system, the inspection transducer does
not contact the bore surface but operates at a distance
from the bore. An immersion fluid, such as treated wa-
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ter, provides the necessary sound transmission medium
between the transducer and the rotor material. During
each rotation and/or axial movement of the transducer
and its scan head, the path length travelled by the ultra-
sonic wave between the transducer and the bore surface
can vary due to several factors: (1) the wobble, run-out,
or eccentricity of the scan head relative to the bore
surface; (2) twisting of the scan head used to transport
the transducer; and (3) misalignment of the entire scan
head upon entry into the bore.

The location of detected reflectors (flaws) in the
rotor material are determined by calculation based ona
measured ultrasonic wave propagation or travel time
from the transducer to the flaw and back, transducer
location at the time of flaw detection and a knowledge
of the geometry of the ultrasonic beam path. The propa-
gation velocities of the ultrasonic wave or pulse in the
liquid coupling medium and the rotor material are dif-
ferent and the actual path of any wave is composed of a
water path component and a metal path component.
Only the total time is available as a measurement, thus, .
the water path component must be precisely known in
order to determine the metal path component. It is from
the metal path component that the depth of the flaw
from the bore surface is calculated. Reference or cali-
bration blocks or bores containing known size reflectors
of known geometry at known locations, can be scanned
prior to rotor inspection to calibrate the transducers by
a procedure in which the geometry of the ultrasonic
path is determined to thereby establish the relationship
between the inspection transducers and later discovered
flaws. If the path length and corresponding surface time
of the ultrasonic pulse during an inspection have
changed from the path length and surface time mea-
sured during calibration, and this change has not been
accounted for, the location of the flaws in the rotor
material will be incorrectly determined. In extreme
cases, reflections originating from within the material
can be interpreted as air bubbles trapped in the immer-
sion fluid, or bubbles in the immersion fluid can be
interpreted as surface or subsurface reflections from
material discontinuities or flaws in the rotor itself. This
problem is of particular significance when the ultra-
sonic beam is not normally incident to the bore surface,
as is the case for shear mode inspections.

During a normally incident compressional mode in-
spection, the ultrasonic beam 1s directed at the bore
surface in a perpendicular or nearly perpendicular di-
rection and produces a strong surface reflection back to
the transducer, and the signal from this return echo can
be used to locate the surface of the bore from which
flaw positions can be measured. In shear mode testing,
however, the shear wave is produced by directing a
compressional wave in the immersion fiuid toward the
bore surface at an angle relative to the radial direction,
that is, the compressional wave strikes the bore surface
at an angle other than perpendicular. This angle is nor-
mally about 21° so that a refracted shear wave is created
in the rotor material at an angle of about 45° to the
surface tangent at the pulse contact point. At this angle
of incidence, the surface echo is reflected away from
the transducer incident beam path. Thus, no signal is
returned to the transducer, and the water pat compo-
nent of the inspection beam cannot be determined from
transducers used for shear wave inspection.

Prior art immersion based ultrasonic inspection sys-
tems employ a type of bore riding immersion transducer
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which is mounted in a housing which itself 1s kept in
contact with the bore thereby maintaining the transduc-
ers at fixed offsets with respect to the bore surface. The
drawbacks of this prior art system are based on two
contradictory requirements for a bore riding trans-
ducer. The transducer housing must be compliant radi-
ally so that the housing properly tracks variations in the
bore and yet the support mechanism must be nigid
enough so that the compliance does not lead to posi-
tional errors.

If the surface time at which the shear mode ultrasonic
beam contacts the bore surface is known as a function of
circumferential position, the position reporting errors
which can occur 1n a shear transducer inspection system
mentioned above, can be corrected if required. Accu-
rate surface time information can also be used to elimi-
nate confusion regarding the source of near bore reflec-
tors or flaws located just inside the bore surface. The
first order correction assumes that the geometry of the
ultrasonic beam path inside the rotor material has not
changed since calibration, and that the change in sur-
face time i1s due wholly to a change in coupling fluid
path length. In practice, the first order correction 1s the
most important for properly locating flaws near the
rotor bore surface. Higher order corrections of the
refracted beam path can also be performed 1s the cor-
rect surface time 1s known as a function of circumferen-
tial position.

SUMMARY OF THE INVENTION

It 1s an object of the present invention to provide a
system which will rapidly map the inner diameter of a
rotor bore.

It is also an object of the present invention to provide
a system which will allow high resolution mapping of
rotor bore diameter.

It is another object of the present invention to pro-
vide a system which will allow surface time correction
for the time taken for an ultrasonic longitudinal energy
wave to contact a bore surface by striking at an appro-
priate angle to generate a shear beam in the rotor.

It 1s still another object of the present invention to
provide a surface time correction system which will
allow compensation for diameter and alignment varia-
tions during rotor inspection.

Some of the above objects can be attained by a bore
mapping system that includes one or more high resolu-
tion ultrasonic mapping transducers that are used to
measure the diameter of a bore. A measured reflection
time i1s used with a reference reflection time to deter-
mine the measured diameter from a reference diameter.
The diameter measured by the multiple transducers is
averaged to obtain an average measured diameter and
the average measured diameter is determined at differ-
ent bore axial positions, thereby mapping rotor diameter
axially.

The remaining objects can be attained by a surface
time measurement system that uses at least one ranging
transducer to measure the ranging time required for a
ranging beam to reach the bore surface. The measured
ranging time 1s used with a calibrated ranging time to
modify a calibrated inspection beam surface time to
produce an inspection beam surface time. The measured
ranging time can also be used to be obtain a correction
time curve that provides a correction time for inspec-
tion beam surface time versus circumferential bore posi-
tion. The calibrated inspection beam surface time or the
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correction time curve, can be used to correct positions
of flaws in the rotor material.

These together with other objects and advantages
which will be subsequently apparent, reside in the de-
tails of construction and operation as more fully herein-
after described and claimed, reference being had to the
accompanying drawings forming a part hereof, wherein
like numerals refer to like parts throughout.

BRIEF DESCRIPTION OF THE DRAWINGS

F1G. 1 depicts bore mapping transducers positioned
in a rotor bore;

FIG. 2 illustrates the components of the system used
to determine bore diameter;

FIG. 3, including 3A and 3B, is a flowchart of the
procedure performed to map the diameter of a bore;

F1G. 4 depicts circumferential transducer position 1n
a surface timme measurement system;

FIG. 5 i1s a flowchart of a procedure for correcting
surface time for an ultrasonic wave propagating in the

rotor in shear mode; and
FIGS. 6 and 7 depict axial transducer positions in a

surface time measurement system.

DESCRIPTION OF THE PREFERRED
| EMBODIMENTS

The present invention is directed to a bore mapping
system that uses at least one and preferably several
ultrasonic transducers 10-16, as illustrated in FIG. 1, to
measure the diameter of a rotor bore as a function of
axial position in the bore. Each transducer in held by a
fixture 18 such that the ultrasonic beams 20-26 are sub-
stantially normally incident upon or perpendicular to
the bore surface 28. The bore is preferably filled with a
fluid, such as water, the couples the ultrasonic waves
from the transducers 10-16 to the bore surface 28. As an
alternate, a squirting stream of fluid or a fluid-filled
cavity can be used to provide the coupling medium
between the transducers 10-16 and the bore surface 28.
Ultrasonic transducers with an active element size of
0.124 to 0.25 inches operating at a frequency from 35
MHz to 10 MHz will be suitable for the mapping func-
tion. Such transducers can be obtained from Panamet-
rics of Massachusetts and the preferred model is the
V110 transducer. A scan head which transports the
transducers 10-16 during mapping 1s discussed as to its
details of construction and operation in the related ap-
plication mentioned in the cross-references section and
entitled BORESONIC INSPECTION SYSTEM.

Each transducer 30, as illustrated in FI1G. 2, 1s con-
nected to a pulser circuit 32 which drives the transducer
30 and a receiver circuit 34 which receives the electrical
signal created by the ultrasonic reflection from the bore
surface 28. The pulser circuit 32 and receiver circuit 34
and controlled by an ultrasonic data acquisition system
36 which i1s controlled by a computer 38. The computer
38 performs the calculations necessary to obtain the
measured bore diameter. The electronic components
illustrated in FIG. 2, are discussed as to their details of
construction and operation in the related application
mentioned in the cross references section and entitled
ULTRASONIC SIGNAL PROCESSING SYSTEM
INCLUDING A FLOW GATE. The bore diameter is
obtained from the difference between the time of the
transmitted pulse and the time of the received echo
from the bore surface.

The bore mapping system is calibrated by inserting
the transducer assembly of FIG. 1, attached to the front
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of the scan head, into a cylindrical calibration bore of a
known diameter. The calibration or reference bore can
be a machined block of the known diameter or could by
the end of a rotor bore to be inspected if an accurate
diameter measurement of the rotor bore can be made by
another method such as by using mechanical calipers.
The transducers are inserted into the calibration bore
and rotated in the plus circumferential direction for
360°. During the motion, data are collected from each
transducer at increments of approximately 1.4°. The
data points are the times T, for the ultrasonic pulses to
travel from the transducer to the bore surface and back.
For each transducer, a time Tg is calculated which is
the average time over all of the circumferential posi-

tions,

(1)

1 N
> T.

Tcaf:"ﬁ'_ !

!

The transducer assembly is rotated in the plus direction
while data are being collected to ensure that the me-

chanical linkage for positioning the transducers 1s under

the same types of stress as when bore mapping occurs.

In the preferred method for obtaining the diameter in
the rotor bore to be inspected and mapped, the surface
reflection time, at a fixed circumferential position, 1s
obtained for each transducer and a diameter is calcu-
lated for each transducer. The diameters are then used
to calculate an average diameter value. By averaging,
variations due to poor alignment of the transducer as-

sembly inside the rotor bore do not affect the diameter .

measured.
To map the bore, the transducer assembly 1s mnserted

into the bore such that the ultrasonic waves from the
transducers 10-16 are substantially normally incident or

perpendicular to the bore surface at the axial position of
measurement. The diameter reading is obtained by mea- -

suring the ultrasonic travel time T and computing the
diameter D as follows:

D=D¢ai+V(T5~Tea) (2)
In equation (1), Dcys1s the known diameter of the cali-
bration bore, T.g is the ultrasonic travel time in the
calibration bore for the particular transducer obtained
during calibration and V is the known velocity of sound
in a coupling or immersion fluid corrected for changes
in composition and temperature. Water including anti-
corrosion inhibitors is an appropriate immersion fluid.
The final diameter is obtained by averaging the values
from all transducers.

The procedure for mapping the interior of the bore
starts by moving the bore mapping transducer assembly
of FIG. 1 to a starting axial position Al as illustrated in
FIG. 3. The z axis will be used during this discussion to
indicate the bore axial axis and APOS indicates the
current axial position along the z axis. After positioning
at the starting position Al, procedural control 1s main-
tained within a recursive loop until the end position A2
is reached; that is, the mapping procedure for the inner
diameter of the bore is completed 46 when the stopping
position A2 is less than the current position APOS.
After the end of mapping check 44 is completed, a spiral

move 48 is performed to move the transducer assembly -

from a circumferential and axial position at which the
most recent measurement has been made to a different
circumferential and axial position. A spiral move is
preferred, but not the only possibility available, to pre-

10

15

20

25

30

35

45

50

33

65

6

vent damage to the rotor by scan head chucks sliding
axially along the bore surface. At the end of the spiral
move, the transducer assembly is rotated S0 circumfer-
entially to a second circumferential position C2 which 1s
greater than C1 such that circumferential motion from
C1 to C2 is in the plus direction. This circumferential
rotation ensures that mechanical slack i1n the scan head
mechanism is constant between measurements and the
same as during calibration. At circumferential position
C2, the surface reflection times for the four transducers
10-16 of FIG. 1 are recorded 52. The reflection times-
are used to calculate 56 the diameters D; measured by
the four transducers, using the corrected water velocity
VW, the calibrated diameter DCAL and the calibrated
travel time, TC;, after which the measured diameter D
is obtained by averaging 58. Once the average diameter
is obtained the true axial position Z of the rotor assem-
bly is calculated by adding an axial offset AOFF to the
current axial position APOS. The axial offset AOFF
can be the distance between a reference position and the
beginning of the rotor bore or the start position Al.
Once the true axial position Z is calculated, the average
measured diameter D and the true axial position are
stored 62 for later reference. Once the diameter D at the
current true axial position is stored, the axial position
APOS is updated for the next measurement by incre-
menting with an axial increment AINC. The axial incre-
ment AINC determines the axial resolution of the diam-
eter measurement and can e as small as the diameter of
the mapping transducer beam; however, an appropriate
increment for mapping the typical rotor is approxi-
mately one-half inch.

The bore diameter is typically recorded while the
scan head carrying inspection transducers is- being
moved into the rotor bore in the one-half inch incre-
ments with a higher resolution (smaller increment) In
the axial direction being used whenever bore diameter
transition regions are encountered. The bore diameter
information is used to control scan head centering de-
vices as the scan head is moved axially along the bore -
during bore mapping, during insertion and during the
ultrasonic inspection as the scan head is retracted from
the rotor. The bore diameter transducers are, thus, nec-
essarily the first transducers entering the bore. The bore
diameters are generally plotted so that bore zones at
which scan head chuck diameters are to be changed can
be located to allow the scan head to be held in proper
alignment as diameter transition regions are transited.

During a shear mode ultrasonic inspection of a rotor
bore, a radially offset ultrasonic transducer is moved
circumferentially inside the bore. The transducer 1s
radially offset such that the beam inside the bore is 1n a
radial-circumferential plane and is not normally inci-

‘dent to the bore surface. When the transducers are

operated in a liquid coupling medium rather than in
contact with the bore, a critical factor in the calcula-
tions for determining the reported depth and location of
detected flaws, is the accuracy of the time required for
the ultrasonic wave to travel from the transducer to the
bore surface and back. During the shear mode inspec-
tion in which the interrogating beam in the rotor is
propagating in shear mode, the ultrasonic wave, emitted
by the radially offset inspection transducer, strikes the
bore at an angle relative to the tangent at the point of
incidence. Any energy reflected from the bore cannot
be detected by the inspection transducer so the surface
time cannot be directly measured. The present inven-
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tion solves this problem by providing a ranging trans-
ducer 70 at a known geometric distance from a inspec-
tion transducer 72, as illustrated in FIG. 4. The ranging
transducer 70 is used to measure the surface time of the
inspection transducer 72 ultrasonic wave by measuring
the reflection time for the ranging transducer pulse and
the water path transit time for the inspection transducer
wave is calculated from the known geometric relation-
ship. As the surface time changes due to changes in bore
diameter, the location of defects in the rotor detected by
the inspection transducer 72, can be adjusted for
changes in the surface time due to changes in diameter
and the resulting alignment variations that occur during
the inspection. The specific way in which the surface
time changes are used to correct flaw location is de-
scribed in the related application entitled BORESONIC
INSPECTION SYSTEM.

The ranging transducer 70 is a flat or non-focussed
compressional transducer identical to the bore mapping
transducers previously discussed while the inspection
transducer is a focused beam device. The inspection
transducer is designed to operate in shear mode and to
produce a beam diameter of approximately 0.04 inches
in the rotor with a focal depth of approximately one
inch from the bore surface. Such focussed transducers
are obtainable from several vendors with the preferred
transducer being available form New York Institute of
Technology. The ranging transducer 70 is located as
close as possible axially to the inspection transducer 72
and points in a radial direction creating a beam 74
which is normal to the bore surface 28. The ultrasonic
beam 74 produced by the ranging transducer 70, must
hit the surface of the bore at substantially the same
circumferential position as the beam 76 from the inspec-
tion transducer 72 so that surface time corrections will
be accurate. The electronic components used to per-
form the calculations discussed herein are depicted in
FIG. 2.

To make a surface time correction, a ranging beam
surface time during calibration in a calibration bore,
which is the time for the ultrasonic wave to travel from
the ranging transducer 70 to the bore surface 28 and
back, along with an inspection beam surface time during
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calibration, which is the time for the ultrasonic wave 76 45

to travel from the inspection transducer 72 to the bore
surface 28 and back, must be known. The calibration
ranging beam surface time can be directly measured by
bouncing an ultrasonic pulse off the calibration bore
surface and measuring the time between pulse genera-
tion and pulse receipt. The calibration inspection beam
surface time cannot be measure directly and must be
obtained by extrapolation from travel times measured
for reflectors at known positions 1n a calibration bore
and extrapolating back to the surface to get the surface
time.

Inspection beam calibration is performed by inserting
the transducer configuration of FIG. 4 into a calibration
bore of known diameter which has known position
reflectors such as side drilled holes, flat bottomed holes
or,round bottomed holes. To obtain the inspection beam
surface time during calibration, the inspection beam is

bounced off several reflectors such as a reflector 78 in

FIG. 4 of known angular and diametrical position. The
inspection beam surface time is determined by a non-lin-
ear least squares curve fitting method that is discussed
in detail in the related application entitled BORE-
SONIC INSPECTION SYSTEM.
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During an inspection, a current ranging surface time
T, is measured using the ranging transducer 70. Since
the ultrasonic waves from the ranging transducer 70
and the inspection transducer 72 are incident upon the
bore surface 28 at the same circumferential position,
differences in the current ranging surface time T, from
the ranging time at calibration T,. can be used to pro-
duce the current inspection time T; from the inspection
beam surface time at calibration time T, 1n accordance

with the following equation:

Ti=Tic+ (T, ~Tr)/cos q (3)
The angle q is the angle between the ultrasonic beam
path of the ranging transducer 70 and the inspection
transducer 72, as illustrated in FIG. 4.

The correction of the surface time for a plurality of
points around the circumference of the rotor bore sur-
face can be produced in accordance with the flowchart
of FIG. §. First, the circumferential position CPOS 1s
set 84 to 0°. If the surface time calculation for an entire
circuit of the rotor bore surface 28 is completed 86, that
is, if the current inspection surface time for an entire
360° rotation has been completed, then the task for the
nresent axial position is complete at 88. It not, the cur-
rent ranging T,, time is recorded 90. Then the current
inspection surface time T;, i1s calculated 92 1n accor-
dance with the previously discussed equation. Once the
current inspection surface time T, is calculated, 1t can
be stored 94 for later use along with the current circum-
ferential position CPOS. As an alternative, if an inspec-
tion pulse 1s subsequently emitted by the inspection
transducer 72, the current inspection time can be used
immediately to correct flaw positions. Once the flaw
positions are corrected or the corrected surface times
are stored, the index n and current position CPOS are
updated. The circumferential increment CINC in de-
grees can be as small as the position resolution of the
circumferential drive; however, in practice, the incre-
ment is 1.4 degrees. Then the transducer assembly of
FIG. 4 is moved to the updated circumferential position
at which point the measurement and calculation loop 1s
executed again. Once a complete circuit of the rotor
bore has been traversed, it 1s possible to move the trans-
ducer assembly axially and record another set of correc-
tion times which can be called a correction time curve.

FIG. 6 illustrates the axial relationship of the ranging
transducer 70 and inspection transducer 72 as the scan
head moves out of the bore in the direction of the arrow
to perform an inspection. The distance between the
transducers is dictated by the structure of the scan head
and 1s approximately two inches in the preferred scan
head. The axial relationship depicted in FIG. 6 is suit-
able for producing correction curves which are loaded
into the flaw gates of the related application to apply
the surface correction time to flaw detection positions
to correct same. FIQG. 7 illustrates the axial relationship
of the ranging transducer 70 and inspection transducer
72 when the corrected surface time 1s used immediately
to correct flaw detection locations.

The many features and advantages of the invention
are apparent from the detailed specification and thus, it
1s intended by the appended claims to cover all such
features and advantages of the invention which fall
within the true spirit and scope thereof. Further, since
numerous modifications and changes will readily occur
to those skilled in the art, it is not desired to limit the
invention to the exact construction and operation illus-
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trated and described, and accordingly, all suitable modi-

fications and equivalents may be resorted to, falling

within the scope of the invention. For example, the

present invention measures bore diameter at four dis-
crete locations and averages to obtain the mapped diam-

5

eter. It is possible to circumferentially rotate a single

mapping transducer and obtain several hundred diame-
ter measurements which are averaged after completion
of the rotation of the mapping transducer assembly. It 1s
also possible to correct the refracted beam path in the
inspected object, by using a second order correction,
when the surface time 1s known.

What is claimed 1s:

1. A surface time measurement system for a shear
mode inspection transducer producing an inspection
beam incident on a bore surface, said system compris-
ing:

10

15

a ranging transducer, positioned at a known geomet-

ric angle with respect to the inspection transducer,
producing a ranging beam pulse substantially nor-
mally incident on substantially the same circumfer-
ential position on the bore surface as the inspection
beam and receiving a reflection of the ranging
beam pulse from the bore surface; and

surface time calculation means for calculating a sur-

face time for- the inspection beam from a ranging
surface time measured as the time between trans-
mission of the ranging beam pulse and the receipt
of the reflection, a calibration ranging beam surface
time, a calibration inspection beam surface time
and the known angle.

2. A system as recited in claim 1, wherein said surface
time calculation means produces surface times for vari-
ous circumferential positions in the bore.

3. A surface time measurement system for a turbine
rotor bore, said system comprising:

a shear wave mode inspection transducer producing
an inspection beam incident on a rotor bore surface
at a circumferential position on the bore;
compressional ranging transducer, producing an
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ultrasonic beam at a known angle g with respect to

the inspection transducer, producing a ranging

beam pulse normally incident on the bore surface at

the circumferential position and receiving a reflec-
tion of the ranging beam pulse from the bore sur-
face: and

surface time calculation means for measuring a rang-
ing travel time T, between the transmission of the
ranging beam pulse and the reflection, calculating a
surface time T; in accordance with T;=-
Tic+(T,—Tr)/cos q, where T; is a calibration
inspection time and T,.1s a calibration ranging time
produced in a calibration bore, and producing sur-
face times for different circumferential positions.

4. A surface time measurement method, comprising

the steps of:
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(a) measuring a calibration ranging beam surface time

for a ranging transducer in a calibration bore and
determining a calibration inspection beam surface
time for an inspection transducer in the calibration
bore and measuring the diameter of the calibration
bore;

(b) position the ranging transducer in a measurement
bore at a circumferential position;

(c) measuring a ranging travel time for a ranging
pulse transmitted by the ranging transducer, re-
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flected from the measurement bore surface and
received by the ranging transducer; and

(d) producing a surface time for an mnspection beam
emitted by the inspection transducer from the rang-
ing travel time, the calibration ranging time, the
calibration inspection beam surface time and a
known angle between the ranging transducer and
the mspection transducer.

5. A method as recited in claim 4, wherein step (a)

comprises the steps of:

(ai) positioning the ranging transducer and inspection
transducer in the calibration bore;

(aii) measuring the ranging beam travel time as the
calibration ranging beam surface time; and

(aiil) determining the calibration inspection beam
surface time by reflecting an inspection calibration
beam off reference reflectors in the calibration bore
and calculating the calibration inspection beam
surface time using known geometric relationships
between the inspection transducer and the refer-
ence reflectors. |

6. A method as recited in claim 4, further comprising
the step of (e) producing a surface time for plural cir-
cumferential bore positions.

7. A method as recited in claim 6, further comprising
the step of (f) producing surface times for plural axial
bore positions. -

8. A surface time measurement method for a turbine
rotor bore using a compressional mode ranging ultra-
sonic transducer and a shear mode inspection ultrasonic
transducer in a known geometric relationship having an
angle q between the respective transducer beams in the
interior of the bore and producing ranging and inspec-
tion beams coincident circumferentially on a rotor bore
surface, the ranging beam substantially incident nor-
mally to the coincident circumferential position, and a
calibration bore with reference reflectors at a known
geometric position with respect to the inspection trans-
ducer, said method comprising:

(a) positioning the ranging transducer in the calibra-

tion bore at a circumferential position;

(b) measuring a calibration ranging beam surface time
T,cas the travel time for the ranging beam to reach
the calibration bore surface and return to the rang-
ing transducer;

(¢) positioning the inspection transducer in the cali-
bration bore at the circumferential position;

(d) measuring a reference travel time as the travel
time for the inspection beam to reach the reference
reflectors and return to the inspection transducer;

(e) calculating a calibration inspection beam time T,
from the reference travel time and the known geo-
metric position;

(f) position the ranging transducer in the turbine rotor
bore; |

(2) measuring a ranging beam travel time T, as the
travel time for the ranging beam to reach the rotor
bore surface and return to the ranging transducer;

(h) producing an inspection surface time T;in accor-
dance with T;=T;+(T,—T,:)/cos q;

(1) repeating steps (f)-(h) for plural turbine rotor bore
circumferential positions; and

(j) repeating step (1) for plural turbine rotor bore axial

positions. .

* * *x x
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